Abstract Mammalian aging is associated with decline in cognitive functions. Studies searching for a cause of cognitive aging initially focused on neuronal loss but quantitative investigations of rat, monkey, and human brain using stereology demonstrated that in normal aging, unlike in neurodegenerative disease, neurons are not lost. Instead, electron microscopic and MRI studies in normal aging monkeys revealed age-related damage to myelin sheaths, loss of axons, and reduction in white matter volume which correlates with cognitive impairments. However, little is known about the cause of myelin defects or associated axon loss. The present study investigates the effect of age on signaling pathways between oligodendroglia and neurons using a custom PCR array to assess the expression of 87 genes of interest in cortical gray matter and white matter from the inferior parietal lobe (IPL) of normal rhesus monkeys ranging in age from 4.2 to 30.4 years old. From this array data, five target genes of interest were selected for further analysis to confirm gene expression and measure protein expression. The most interesting target gene identified is brain-derived neurotrophic factor (BDNF), which was the only gene that was altered at both mRNA and protein levels. In gray matter, BDNF mRNA was decreased. While the level of the mature form of the protein was unchanged, there was a specific decrease in the precursor form of BDNF. These alterations in the BDNF in gray matter could contribute to the vulnerability and loss of the axons with age.
Introduction
Studies of neurodegenerative diseases such as Alzheimer's have revealed widespread loss of neurons in the cortex and other areas of the human brain (Whitehouse et al. 1982; Gómez-Isla et al. 1996) . In contrast, in normal aging humans who escape frank neurodegenerative diseases, growing evidence indicates that neurons are preserved even though there is mild cognitive decline (Haug 1985; Terry et al. 1987; Freeman et al. 2008) . In searching for the neurological bases of these cognitive impairments, age-related pathology in white matter has been reported in humans (Marner et al. 2003; Vernooij et al. 2008) and in the rhesus monkey model of normal aging (Peters et al. 2000; Makris et al. 2007 ). Studies of normal aging monkeys have been particularly illuminating as the monkey has brain structure and cognitive functions more similar to humans than other laboratory species, is long-lived with a maximal life span of over 30 years of age, lives in well-characterized and relatively uniform environmental conditions, and allows for optimal preparation of brain tissue in close proximity to behavioral assessment.
Studies of cognitively characterized rhesus monkeys have shown that age-related changes in white matter are strongly associated with age-related cognitive impairments (Sloane et al. 1999; Peters et al. 2000; Makris et al. 2007 ). Moreover, both electron microscopic (Bowley et al. 2010 ) and biochemical studies (Duce et al. 2008; Hinman et al. 2008) have shown that the white matter changes are associated with a variety of pathological changes in myelin. Some of these changes in white matter include a decrease with age of the messenger ribonucleic acid (mRNA) and protein levels of klotho, a longevity factor important for myelin homeostasis (Duce et al. 2008; Chen et al. 2013) . Additionally, with age, there is an increased accumulation and fragmentation of the oligodendrocyte enzyme, 2′,3′-cyclic nucleotide phosphodiesterase (CNP) that is associated with increased ubiquitination of the protein (Hinman et al. 2008) .
In addition to these biochemical changes, a variety of morphological changes are also present in the aged white matter. There is an increase of activated astrocytes and microglia in the white matter (Sloane et al. 1999; Sloane et al. 2000; Shobin et al. 2017) . Axons are also lost in the white matter and can be seen in the electron microscope as degenerating axons contained within degenerating myelin sheaths in keeping with the observed decrease in density of myelinated axons (Bowley et al. 2010; Peters et al. 2010) . These alterations in white matter also correlated with age-related cognitive decline.
While these data suggest that white matter is a critical nexus for age-related brain pathology, the causes underlying this white matter pathology are unknown. There are many possible mechanisms that might contribute to this pathology, but likely candidates include direct damage to myelin by age-related oxidative stress and/or inflammation, age-related decline in the capacity of oligodendroglia to maintain and repair myelin, and age-related disruptions in any of the multiple molecular signaling pathways essential for myelin homeostasis. The present study explored this latter possibility using a custom PCR gene array to examine a number of candidate gene pathways pertinent to myelin homeostasis, inflammation, and molecular signaling including neurotrophic factors, inflammatory cytokines, and neurotransmission.
Experimental methods
Subjects A total of 27 adult rhesus monkeys (Macaca mulatta) were used in this study and are summarized in Table 1 . This group consisted of 14 male and 13 female monkeys ranging in age from 4.4 to 30.4 years, effectively covering the entire adult life span (Tigges et al. 1988) . Monkeys were obtained from colonies of the Yerkes National Primate Research Center (Atlanta, GA) and Labs of Virginia (Yemassee, SC). Before entering the study, they were screened for any diseases that could affect the central nervous system as well as given MRI scans to screen for occult brain damage. Once entered, the animals were housed in the Animal Science Center of Boston University Medical Campus (BUMC), which is fully accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care. All procedures were in accord with NIH guidelines and approved by the Institutional Animal Care and Use Committee of BUMC.
Cognitive assessment The majority of monkeys received a battery of behavioral tasks to assess cognitive performance. These tasks have been described in detail elsewhere (Herndon et al. 1997; Moore et al. 2005 ) but briefly included measures of learning (acquisition of the Delayed Non-Match to Sample Task-DNMS), recognition memory (delay conditions on DNMS), working memory (object and spatial conditions of the Delayed Recognition Span Task-DRST), attention, associative memory, and executive function (learning the stimulus categories and shifting set in Category Set Shifting Task-CSST). A subset of the learning and memory tasks were identified by principal components as the best predictors of cognitive decline (Herndon et al. 1997 ) and have been designated the Cognitive Impairment Index (CII) and used to assess associations with various neurobiological endpoints (e.g., Peters et al. 2010) .
Tissue harvest At the conclusion of all testing, subjects were deeply anesthetized to a surgical level with sodium pentobarbital; their head fixed in a stereotactic device, and a partial craniotomy was done. The chest was then opened and they were transcardially perfused with 4 to 8 l of ice cold (4°C) Krebs-Heinseleit buffer (6.41 mM Na 2 HPO 4 , 1.67 mM NaH 2 CO 3 , 137 mM NaCl, 2.68 mM KCl, 5.55 mM Glucose, 0.34 mM CaCl 2 , 2.14 mM MgCl 2 , pH 7.4) prepared in RNase free conditions. After all blood was cleared from the cortex, but while the cold buffer was still flowing, fresh samples of cortex and underlying white matter were removed from the dorsal half of the left inferior parietal lobule (IPL), flash frozen on dry ice, and stored at − 80°C until processed for molecular and biochemical studies. These samples were typically frozen less than 10 min from the start of anoxia and always less than 15 min. Samples from the IPL were dissected into cortical gray matter and subcortical white matter either before freezing or while frozen as indicated in Table 1 . Once the fresh samples were removed, the perfusate was switched to a mixture of 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4, 37°C) to fix the remainder of the sampled hemisphere and the entire intact hemisphere so that they could be cryoprotected and frozen for additional studies.
RNA and protein extraction Frozen tissue blocks from the IPL of cortical gray matter and subcortical white matter were further dissected into pieces weighing 100 mg to isolate the RNA and protein using TRIzol solution following the manufacturer's protocol (Invitrogen). Briefly, 100 mg of tissue was added to 1 ml of TRIzol reagent and homogenized with a handheld pestle and passed through a 20-gauge needle. The RNA extract was further processed using RNeasy Mini Kit and treated with DNase I (Qiagen) to clean up the RNA and remove any DNA contamination. The integrity and the concentration of the RNA were determined by UV spectrophotometry using a NanoDrop1000 (Thermo Scientific). The protein was then isolated from the phenol-ethanol supernatant and washed with 0.3 M guanidine hydrochloride in 95% ethanol and dissolved in 1%SDS. The concentration of the protein was determined using the BCA protein assay (Pierce Biotechnology). Extracts of RNA and protein were then stored at − 80°C until analyzed.
PCR Array
To identify potential gene targets involved in white matter deterioration and cognitive decline, samples from a subset of the total number of subjects, (seven old and five young female monkeys-identified in Table 1 ), were processed utilizing custom PCR gene array plates containing primers sets for 87 genes of interest, 3 housekeeping genes, and 6 internal PCR controls. The genes of interest fall into 8 main categories: (1) neurotrophins/growth factors and their receptors, (2) transcription factors, (3) GABAergic neurotransmission, (4) cytokines and receptors, (5) signal transduction, (6) oxidative stress and DNA damage, (7) cellular organization and migration, and (8) glial cell markers. The full list appears in in Table S1 located in Online Resource 1. The custom PCR arrays contained the primers for the genes of interest that were designed for us and obtained from SABiosciences (CAPX-0447; Frederick, MD) based on rhesus monkey gene sequences. Processing began using 0.5 μg total RNA in the reverse transcriptase reaction at 42°C for 15 min to create the cDNA template. Then, the reverse transcriptase mixture containing the cDNA template was mixed with the SYBR Green detection reagents and 10 μL of the mixture was loaded into each well of the plate and the PCR was run as follows: 1 cycle of 95°C for 10 min followed by 40 cycles of 95°C for 15 s and for 1 min at 60°C using SYBR green detection on an Applied Biosystems (ABI) Prism 7900HT. The relative fold changes in gene expression were analyzed by comparing the group means of the young versus old animals using comparative C T method (2 -ΔCT ) and normalizing values to the average of the three housekeeping genes included in the array: beta-actin (ACTB), glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and cyclophillin A (PPIA).
Quantitative real-time PCR To verify a selected set of five genes from the PCR array results, real-time PCR was run on RNA samples from all 27 monkeys (Table 1) using commercially available TaqMan primer and probe sets designed to rhesus monkey genes using FAMlabeled MGB probes. These included the following: (1) brain-derived neurotrophic factor (BDNF) (Rh02788328_s1, Applied Biosystems, Foster City, CA); (2) meltrin-beta (ADAM19) (Rh02851168_m1, Applied Biosystems, Foster City, CA); (3) neurotrophic tyrosine kinase receptor, type 2 (NTRK2) (Rh02831791_m1, Applied Biosystems, Foster City, CA); (4) nerve growth factor receptor (NGFR) (Rh02842493_m1, Applied Biosystems, Foster City, CA); and (5) leukemia inhibitory factor-like (LOC715456; LIF) (Rh02841805_m1, Applied Biosystems, Foster City, CA). Control primers and VIC-labeled TAMARA-quenched probes to 18S rRNA (4308329, Applied Biosystems, Foster City, CA) or RPL13A (Forward: TCACGAGGTTGGCTGGAAGT, Reverse: GATCTTGGCTTTCTCCTTCCTCTT Probe: CCAGGCAGTGACAGCCACCTTGG sequences from (Noriega et al. 2010) ) were used in a multiplex assay. Total RNA was tested for expression using 40 ng RNA from the gray matter, and 60 ng RNA from the subcortical white matter for BDNF, ADAM19, and NTRK2. For gene expression of NGFR, 300 ng of total white matter RNA was analyzed. Thermocycling was done on an ABI PRISM 7900 HT using the parameters of 50°C for 30 min, 95°C for 10 min, and 50 cycles of 95°C for 15 s and then 60°C for 1 min. A standard curve was calculated for each reaction with the RNA of a young subject that allowed for the determination of the quantity of the RNA expression for each gene analyzed, and the data from both the gray matter and the white matter for BDNF, ADAM19, and NTRK2 were normalized to 18S rRNA expression. The white matter data from BDNF and NGFR were normalized to RPL13A expression to minimize the difference between the threshold cycle (C T ) values between the gene of interest and the normalization gene.
Antibodies To assess protein levels, western blot analysis was done using antibodies against (1) proBDNF (Alomone Labs, ANT-006 Lot AN-05), (2) BDNF (Santa Cruz Biotechnology, sc-546), (3) tyrosine kinase receptor B (TrkB) (Millipore, AB5372), (4) p75 nerve growth factor receptor (p75 NGFR) (Novus Biologicals, M-009-100), (5) β-tubulin (Invitrogen, 32-2600), and (6) myelin oligodendrocyte glycoprotein (MOG) (Millipore, MAB5680). Secondary detection antibodies were HRP-linked goat anti-mouse and goat anti-rabbit (GE Life Sciences).
Western blot analysis Protein samples were diluted 1:3 with a 3× sample buffer prepared fresh (240 mM TrisHCl, pH 6.8, 6% SDS, 30% Glycerol, 16% β-mercaptoethanol) and boiled at 95°C for 10 min before loading the protein into a 4-20% Tris-Glycine gel (Mini Protean TGX, Bio-Rad). For all blots, 20 μg of total protein was loaded on the gel. The gel was run at 200 V for 30 min in running buffer (193 mM glycine, 25 mM Tris base, 0.1% SDS). The protein was then transferred to a polyvinylidene difluoride membrane (PVDF) at 0.2 A for 2 h in transfer buffer (39 mM glycine, 48 mM Tris base, 20% methanol). After transfer, the membranes were rinsed in Tris buffered saline containing 0.1% Tween-20 (TBST) and then blocked with 5% non-fat dry milk in TBST for 1 h at room temperature (RT). Membranes were then incubated overnight at 4°C in primary antibody (BDNF 1:200, pro-BDNF 1:500, TRKB 1:1000, NGFR 1:500). Membranes were then washed in TBST and then incubated in HRP-linked secondary antibody (1:20,000) in blocking buffer for 2 h at RT. Then, the membranes were further washed and the proteins were visualized using Amersham ECL Western Blotting Detection Reagents and Amersham Hyperfilm ECL (GE Healthcare).
The membranes were rinsed in TBST and the remaining HRP activity from the detection reagents was inactivated by rinsing the blot in 100% ethanol and then in 15% hydrogen peroxide in TBST for 15 min at 37°C and washed again in TBST and blocked for 1 h at RT in blocking buffer. Finally, for normalization, the membranes were then probed with antibodies for β-tubulin (1:1000) for gray matter samples or MOG (0.3μg/ml) for the white matter samples and developed using the same methods described above. Quantification of the density of all bands was performed using ImageJ (NIH) and normalizing to the reference protein.
Controls utilized were omission of the primary antibody as well as preabsorption of the proBDNF antibody with an 80-fold molar excess of the included antigen (Alomone Labs, Lot AG-02) to determine antibody specificity.
Statistical analysis The PCR gene array was analyzed as the mean fold change in expression in the old (20.1-28.1 years old) versus the young (4.4-10.1 years old) animals and t tests were run for each gene on the array. For array data, the Benjamini and Hochberg false discovery rate was performed to correct for the problem of multiple comparisons. Because of the limited sample size, it eliminated significance for even the largest fold change effects. Hence, the uncorrected values are presented since we performed real-time PCR and western blots on individual genes with the largest fold changes to follow-up on the array results and eliminate the need for multiple comparison correction. The individual gene and western blot results were analyzed with Pearson correlation analysis versus age with statistical significance set at p ≤ 0.05 for two-tailed analysis using Prism (version 6; GraphPad Software Inc).
Results

Gene expression
PCR Array The PCR array was custom designed to include genes that are related to known anatomical and functional changes that occur in the aging brain. As shown in Table 2 , out of the 87 genes investigated, before correction for multiple comparisons, there were significant changes in 16 genes comparing aged and young: 9 genes in the samples of cortical gray matter and 7 genes in the subcortical white matter. These alterations in expression occurred in genes from most of the main functional categories of genes in the array, illustrating the diversity of the aging process.
Genes of interest for follow-up While alterations in many of these genes could play important roles in the changes of the aging brain, four genes were selected for further analysis with qPCR based on both the size of the fold change as well as the roles in neuronal function, axonal survival, and/or myelination as well as the availability of effective antibodies. First, BDNF was selected for follow-up because of its role as a neurotrophic factor important in the growth, survival, and differentiation of neurons (Poo 2001 ) and the maintenance of dendrites and axons (Gorski et al. 2003; Matsunaga et al. 2004 ). Interestingly, BDNF expression was reduced on the gene array in both cortical gray matter (fold change = − 1.82, p = 0.0076) and subcortical white matter (fold change = − 1.78, p = 0.0348). Second, NGFR, the low affinity receptor for BDNF and other neurotrophic factors, was selected because the gene array showed it was increased in the subcortical white matter (fold change = 2.14, p = 0.0182). Third, ADAM19 was selected since it was significantly decreased on the gene array in the gray matter (fold change = − 1.99, p = 0.0045) and approached significance in the subcortical white matter (fold change = − 1.54, p = 0.0524) and is important for the cleavage of Neuregulin-1 (Shirakabe et al. 2000) , a signaling molecule for myelin sheath thickness (Michailov et al. 2004 ). Fourth, leukemia inhibitory factor (LIF) was also selected for further analysis since it had the highest fold change (fold change = 3.38, p = 0.0147) of any of the potential targets on the gene array and is important for oligodendrocyte function (Butzkueven et al. 2006 ). Finally, a fifth gene, NTRK2, was selected for PCR analysis. While it was not included on the PCR array due to design restraints, it is the gene encoding the high affinity receptor for BDNFand TrkB and could be important for understanding agerelated alterations in the BDNF system.
Quantitative real-time PCR These 5 genes (4 from the PCR array plus NTRK2) were studied in the full cohort of 27 animals shown in Table 1 with TaqMan qPCR. BDNF: Results demonstrated that BDNF mRNA significantly decreased with age in the cortical gray matter (r = − 0.641, p = 0.0003; Fig. 1a ), confirming the array results. In contrast, in the subcortical white matter, BDNF mRNA levels only approached significance (r = − 0.313, p = 0.11; Fig. 2a) .
BDNF receptors NGFR and NTRK2: Two receptors for BDNF were then examined with qPCR to determine whether their expression was altered as well. Due to the low expression of NGFR mRNA and the need to increase the starting amount of mRNA, we used an alternate housekeeping gene, RPL13A, to decrease the difference between the threshold cycle (C T ) values for NGFR and the housekeeping gene. NGFR was significantly increased in the subcortical white matter (r = 0.403, p = 0.041; n = 26 Fig. 2b ), confirming the result from the PCR array. Note that one subject was omitted as the RNA for the housekeeping gene was amplified but NGFR RNA failed to reach the level of detection. In the gray matter, NGFR was not detectable in any of the 27 subjects and was not pursued further. In contrast to NGFR, the high affinity BDNF receptor, NTRK2, was found to be unaltered in both the cortical gray matter (r = − 0.041, p = 0.84; Fig. 1b ) and in the subcortical white matter (r = − 0.018, p = 0.93; Fig. 2c ). ADAM19: The mRNA levels of ADAM19 were decreased with age in the cortical gray matter (r = − 0.519, p = 0.0056; Fig. 1c ) but were not altered in the subcortical white matter (r = − 0.203, p = 0.31; Fig. 2d ), confirming the array results.
LIF: The level of expression of LIF mRNA using qPCR was below the level of detection in the current experiment. Hence, like NGFR in the gray matter, the data are not presented and LIF was not examined further.
Sex Differences: Differences between the expression in males and females were examined in two ways. First, the effect of sex on qPCR expression of each gene in the total population of males was compared to expression in the total population of females. Second, a similar comparison of males versus females was done after stratifying the subjects into young (≤ 12.6 years old) and aged (≥ 19.9 years old) groups and looking at the difference of males and females in each age group. When looking at the total population, there was no significant differences between males and females in gene expression levels of BDNF, NTRK2, or ADAM19 in the gray matter (Online Resource 2, Fig. S1a ). When stratified by age, there were also no differences between males and females in the gene expression levels of BDNF, NTRK2, or ADAM19 in the gray matter of the young animals (Online Resource 2, Fig. S1b ), or the aged animals (Online Resource 2, Fig. S1c ). In the white matter, there were no differences between males and females in BDNF, NGFR, NTRK2, and ADAM19 in the total population (Online Resource 2, Fig. S2a ), within the young group (Online Resource 2, Fig. S2b ), or the aged group (Online Resource 2, Fig. S2c) .
Behavior: In the 6 young and 13 aged animals that had data from behavioral testing, there was no correlation between the gene expression levels and the overall cognitive impairment index (CII). When examining the individual tasks (e.g., DNMS Acquisition, perseverative errors on the set shifting task (CSST)), there were scattered correlations significant at p ≤ 0.05. However, Fig. 1 Relative gene expression in the IPL cortical gray matter versus age. a BDNF, b NTRK2, and c ADAM19 were all standardized to the expression of 18S rRNA in 27 animals. While there was no significant change with age for NTRK2 (b), both BDNF (a), and ADAM19 (c) were significantly decreased with age in the cortical gray matter. *p < 0.05 there was no pattern to these significant findings and they did not survive correction for multiple comparisons.
Protein expression
To determine if age-related differences in the mRNA levels assayed with qPCR translate into changes at the protein level, the genes where the mRNA expression was confirmed (BDNF, NTRK2, and ADAM19 in the gray matter, and BDNF, NTRK2, ADAM19, and NGFR in the white matter) were investigated by western blot. The protein levels were standardized to the expression of β-tubulin in the gray matter and to MOG in the subcortical white matter.
BDNF: BDNF exists in two forms at the protein level, the precursor protein proBDNF and the cleaved product, mature BDNF (mBDNF). ProBDNF was detected as a 34 kDa band by western blot, while mBDNF was detected as a 14 kDa band. ProBDNF was significantly decreased in the cortical gray matter (r = − 0.408, p = 0.035; Fig. 3a ), but not in the subcortical white matter (r = − 0.267, p = 0.18; Fig. 4a ). Interestingly, there was no change with age in protein levels of mBDNF in the cortical gray matter (r = − 0.019, p = 0.97; Fig. 3b ) or in the subcortical white matter (r = − 0.183, p = 0.39; Fig. 4b ).
BDNF receptors p75 NGFR and TrkB: For the BDNF receptors, protein expression of the 75 kDa band representing the low affinity p75 NGFR receptor was not significantly altered with age in the subcortical white matter (r = 0.19, p = 0.33; Fig. 4c ). The high affinity BDNF receptor, TrkB, arises from the NTRK2 gene and exists as both the full length receptor (FL TrkB) and a truncated receptor lacking the kinase domain (TR TrkB). There was also no change in the protein expression with age of the either the FL TrkB receptor identified as a 148-kDa band in the gray matter (r = − 0.32, p = 0.099; Fig. 3c ) or subcortical white matter (r = − 0.27, p = 0.18; Fig. 4d ADAM19: Due to the lack of a specific antibody that would work with samples from the rhesus monkey, the protein levels of ADAM19 could not be determined.
LIF: The protein level of LIF in the IPL could not be determined due to the lack of an antibody that worked in the rhesus monkey samples.
Sex differences: In the total population in the gray matter, there was significantly less mBDNF expression in females than males (p = 0.014) but there were no differences between males and females in proBDNF, TrkB TR, or TrkB FL (Online Resource 2, Fig. S3a ). In the young animals in the gray matter, there were no sex differences for any of the proteins examined (Online Resource 2, Fig. S3b ). In the gray matter of aged group, there was significantly more proBDNF in females and significantly less mBDNF in females than Representative blots for each antibody are below each graph. There are no significant changes in any of the proteins with age in the subcortical white matter males with no change in TrkB TR or TrkB FL (Online Resource 2, Fig. S3c ). In the white matter, there was no difference between males and females for any of the proteins examined in the total population (Online Resource 2, Fig. S4a ), young population (Online Resource 2, Fig. S4b ), or aged population (Online Resource 2, Fig. S4c) .
Behavior: There was no relationship between protein expression and our overall cognitive impairment index (CII).
Discussion
Overview and summary The object of this study was to explore changes in the expression of genes related to the maintenance of axons and myelin in the normal aging monkey brain in order to identify factors that might contribute to age-related white matter pathology. Previous microarray studies in normal aging rhesus monkey model utilized human whole genome arrays (Duce et al. 2008) . In contrast, the current approach utilized an array based on the now available rhesus monkey genome and targeted a limited number of primers directed towards genes likely to be involved in white matter dysregulation. Additionally, this study separately analyzed the cortical gray matter and the subcortical white matter even though the pathology of interest is located in the white matter. This is important as the status of neurons in the gray matter is critical to the maintenance of axons that interact with the glial cells that myelinate them in the white matter.
A custom PCR-based gene array was used to screen potential target genes in the pathways of neuronal and glial survival that are altered in normal aging. The PCR array identified nine candidate genes in the gray matter and seven in the white matter of the IPL that had large fold changes with age. Of these, five were selected for analysis with quantitative PCR and age-related changes were confirmed for three of these genes as significant decreases in the expression of BDNF and ADAM19 mRNA in the gray matter and a significant increase in NGFR in the white matter. To determine if the gene expression changes resulted in a change in the expression at the protein level, western blot analysis was conducted for proBDNF, mBDNF, TrkB, and p75 NGFR. This analysis confirmed a significant decrease in the precursor of BDNF (proBDNF) in the gray matter while mBDNF and the two receptors were stable.
Gene expression The PCR array identified several mRNAs that were altered with age while others were stable, confirming the heterogeneity of the aging process as reported in previous microarray studies (Duce et al. 2008) . With the small sample size used (seven aged, five young), power was not sufficient for the observed difference to meet the Benjamini and Hochberg false discovery rate correction for the 90 genes examined with custom array, so to confirm expression changes, genes with the largest fold change were further investigated in follow-up studies using qPCR in a larger sample of subjects.
Quantitative real-time PCR Not all of the genes that were identified as significantly altered with age by the array were confirmed by qPCR. In the cortical gray matter, BDNF and ADAM19 both decreased but did not exhibit the highest fold changes in the array and yet in the expanded sample (15 aged, 12 young) changed most significantly by qPCR. In contrast, while BDNF in subcortical white matter was decreased with age in the array, follow-up qPCR showed no significant effect of age on BDNF expression in the subcortical white matter. The age-related increase in NGFR in the subcortical white matter shown by the array was also confirmed by qPCR while ADAM19 was not significantly altered in the subcortical white matter on the array and this too was confirmed by qPCR. Finally, the gene with the highest fold change on the array, LIF, was not confirmed by qPCR because the expression level in the young animals in the expanded subject list fell below the level of detection. So, while the primer and probe set did work to amplify the gene, the sensitivity of the reaction at the level of starting RNA was not sufficient to allow for the successful analysis of the experimental comparison. Of the genes that were able to be successfully analyzed by qPCR, all of the results of the PCR array were confirmed except for BDNF expression in the subcortical white matter.
Technical considerations The failure to confirm changes in BDNF in the subcortical white matter could be due to several technical differences between the two experiments. First, the array results could simply be a false positive as the sample size was too small to adjust for multiple comparisons. Secondly, the two experiments utilized different normalization factors that could alter the relationship with age of the gene of interest. The PCR array was normalized to the average expression of three separate housekeeping genes (ACTB, GAPDH, PPIA) as separate reactions in the calculation of the fold change of the aged versus the young animals. In contrast, the qPCR experiments were run as a multiplex reaction normalized to a single housekeeping gene, either 18S rRNA or RPL13A. Since this multiplex reaction requires a stable housekeeping gene,18S rRNA was selected for most analyses. However, since 18S rRNA is very abundant, the less abundant RPL13A, which has been shown to be stable in the brain of rhesus monkey (Noriega et al. 2010) , was used for the least abundant transcripts, NGFR, and LIF.
Finally, another factor that may affect the ability to confirm the changes in the expression of the genes is the presence of multiple isoforms of the gene from differential splicing and alternate transcription start sites. All of the genes that were successfully analyzed by qPCR have differentially spliced isoforms of mRNA, and the qPCR experiments utilized primers to amplify all isoforms of the gene. In contrast, the primers utilized in the PCR array were selected by SABiosciences and the location of these primers in the gene sequence is unknown. Hence, it is possible that the two experiments looked at different isoforms of the genes and this contributed to differing results. However, since the results from the PCR array were confirmed for most genes including BDNF in the gray matter, it is not likely that this was a major confound for most results.
Protein expression While the level of gene expression is important, it is essential to determine if the level of gene expression is representative of the functional level of the protein level. Western blot analysis demonstrated that the decrease in BDNF mRNA expression in the gray matter of the IPL is accompanied by a decrease in the level of proBDNF. In contrast, there was no decrease with age in the mature form (mBDNF) which is cleaved from proBDNF. This finding is similar to that reported in rat brain where aging had a specific effect on the level of proBDNF without affecting mBDNF levels (Perovic et al. 2013 ). In the subcortical white matter, there were no significant changes in either proBDNF or mBDNF which is consistent with the lack of significant alteration at the mRNA level.
The other significant gene expression change was an increase in the nerve growth factor receptor (NGFR) with age in the subcortical white matter. However, the expression of the p75 NGFR receptor protein was not altered with age. In addition, protein levels of the other BDNF receptor (not included in the array), NTRK2 (TrkB), did not change significantly with age in either the gray matter or the subcortical white matter for either the full-length or the truncated receptor lacking the kinase domain. This too is in parallel with the mRNA results.
Limitations One limitation of this study is that no subjects in the middle age range from 13 to 19 years of age were available. Hence, we were unable to determine if the trends and changes in mRNA and protein expression are truly linear across the entire life span or if or where there may be a middle age break point. This is important because in the rat, studies have found a transient decrease in the p75 NGFR receptor protein at 12 and 18 months of age with recovery of expression at 24 months to levels similar to 6 months of age (Perovic et al. 2013) . Hence, we cannot determine if regulation of the p75 NGFR protein in the rhesus monkey is similar to that in the rat. In addition, alterations in NTRK2 expression in the aging cortex have been reported by in situ hybridization in human cerebral cortex, but it was a layer specific with significant decreases in full-length NTRK2 mRNA limited to layers 2 and 3 in the prefrontal cortex (Romanczyk et al. 2002) . If this specific change occurs in the aging monkey, it could be missed because the extracts from the gray matter used in this study included all six layers of cortex.
BDNF and normal aging
The most interesting and important result from this study is the specific decrease of proBDNF with age. It has been reported that in both mild cognitive impairment (MCI) and Alzheimer's disease (AD), levels of both proBDNF and mature BDNF are decreased in the parietal cortex (Michalski and Fahnestock 2003; Peng et al. 2005) , suggesting a relationship with cognitive impairment. In contrast to these human studies where comparisons were with agematched controls, the present study compared young and old across the full adult age range from 4 to 30 years old and found a decrease in proBDNF. This age range equates to humans from about 12 to 90 years of age (a 1:3 age ratio with humans (Tigges et al. 1988 ). Since BDNF is normally expressed in both neurons and glial cells, especially astrocytes and microglia (Elkabes et al. 1996; Wu et al. 2004) , the exact source of the decreased expression is unknown. However, as the rhesus monkey does not develop Alzheimer's disease (Sloane et al. 1997 ) and does not lose forebrain neurons (Roberts et al. 2012; Giannaris and Rosene 2012) , this study shows that there is a decrease in the level of BDNF mRNA and proBDNF protein in the absence of the neuron loss that occurs in AD and other neurodegenerative diseases.
ProBDNF activates the low affinity receptor, p75 NGFR, which in turn can activate apoptosis pathways (Teng et al. 2005) . ProBDNF can also inhibit neurite outgrowth and reduce spine density (Koshimizu et al. 2009 ). In contrast, mBDNF activates the high affinity receptor, TrkB, which promotes neuronal survival and synaptic plasticity (Poo 2001) . Since there is preservation of neuron number with age, sublethal changes in signaling and neuron function have been suggested to contribute to the cognitive impairments seen with normal aging (Morrison and Hof 1997) . Reduction in levels of proBDNF without a change in mBDNF could reflect increased cleavage of proBDNF as a compensatory response to preserve levels of mBDNF that promote neuronal survival and maintenance of the dendritic tree and axon (Gorski et al. 2003; Matsunaga et al. 2004) . In contrast, proBDNF signals through the p75 NGFR and leads to neurite retraction and loss of spines (Koshimizu et al. 2009 ), so reduced levels of proBDNF would reduce this deleterious effect. These opposite actions of the mature and pro forms of BDNF make it essential to identify the post-translational status of each form in the aging brain as total BDNF expression cannot differentiate between the state of the protein and the differences between the two signaling pathways. Hence, the specific reduction seen in proBDNF in the IPL gray matter may reflect a compensatory response that maintains levels of mBDNF despite decreased mRNA expression, helping to preserve spines and axons.
In neurons, both proBDNF and mBDNF are trafficked to the dendrites and axon terminals and the mBDNF is released at synapses in an activitydependent manner (Yang et al. 2009; Matsuda et al. 2009 ). The released mBDNF is able to act on both the pre-synaptic and post-synaptic cells to support the axon and neuron (Sobreviela et al. 1996; Gärtner et al. 2006) . Impaired action potential conduction due to myelin damage would likely reduce this activity-dependent release. If transport of the protein to or from the synapse in the axons and dendrites with age was altered, signaling resulting from the activity-dependent regulated release of the protein would be decreased even more. Such a decrease in signaling could then underlie the observed reductions in spines and atrophy of dendrites (for review see (Dickstein et al. 2013) ) as well as the loss of long axons (Bowley et al. 2010; Peters et al. 2010 ) observed in the normal aging monkey brain. There are conflicting reports as to whether proBDNF is also released from the neuron in an activity dependent manner to exert a biological effect through the binding to the p75 NGFR receptor or if it is simply an intermediary protein in the formation of mBDNF with little significance for signaling (Matsumoto et al. 2008; Yang et al. 2009 ). Regardless of whether the proBDNF is released or is an intermediate protein in the formation of mBDNF, the decrease in proBDNF with age would shift the balance of the signal to mBDNF. On one hand, if proBDNF is released, it would bind to p75 NGFR causing spine loss, while mBDNF would bind to TrkB promoting spine stability. On the other hand, if proBDNF is the intermediate protein, the reduced proBDNF would be a result of the neuron compensating to preserve mBDNF levels and signaling to preserve the cell and synapse. However, the decreased action potential conduction due to myelin damage would decrease the ability of the mBDNF to act on the synapse leading to the loss of the spines and axon (Kohama et al. 2012) .
In addition to trophic support of synapses, mBDNF promotes myelination by oligodendrocytes (Du et al. 2006) . However, myelination is inhibited through the interaction of myelin components such as Nogo-66, myelin-associated glycoprotein (MAG), and oligodendrocyte myelin glycoprotein (OMgp) with the receptor complex of p75 NGFR and the Nogo receptor (NgR1) independent of neurotrophin binding to p75 NGFR (Wang et al. 2002) . With the increase in NGFR mRNA in the subcortical white matter found in this study and the loss of proBDNF in the gray matter, this balance between the inhibition of myelination through the p75 NGFR receptor and the promotion of myelination by mBDNF may be important for abnormal remyelination and axonal loss seen in normal aging (Peters et al. 2000) . While the specific contribution to the age-related myelin pathology of the levels of proBDNF and mBDNF reported in this study is not clear, these results point to the importance of considering the entire BDNF pathway in future studies of myelin pathology.
Sex differences in BDNF expression
The only differences between males and females were a decrease in mBDNF protein expression in females in the total population and a decrease of mBDNF and increase in proBDNF in females in only the aged population in the gray matter. Sex differences in BDNF have been previously reported in humans with an increase in total BDNF expression in both the CSF and plasma of females (Lommatzsch et al. 2005; Komulainen et al. 2008; Li et al. 2009; Driscoll et al. 2012) . These studies did not differentiate between the two species of BDNF. In the aged population, the contrasting finding of decreased mBDNF and increased proBDNF in the females compared to the males point to changes in the processing of proBDNF into mBDNF. The conversion of proBDNF to mBDNF is regulated intracellularly by the proprotein convertase furin (Seidah et al. 1996; Chao 2003) and extracellularly by plasmin (Pang et al. 2004; Gray and Ellis 2008) and matrix metalloproteinase 9 (MMP-9) (Mizoguchi et al. 2011; Yoshida et al. 2012; Yamamori et al. 2013 ). The expression of furin has been shown to be negatively regulated by the by estrogen binding to the estrogen receptor beta (Stygar et al. 2007 ). Since we were unable to assess activity of these enzymes, we cannot exclude that the changes seen in the expression of mBDNF and proBDNF in the IPL gray matter of females could be due to changes in the expression or activity of the conversion enzymes between males and females.
Other candidate genes Two genes that were identified as candidates in the array and which could be important for myelin homeostasis could not be fully analyzed and confirmed. ADAM19 was examined at the mRNA level confirming the result from the PCR array that there was an age-related decrease in the gray matter and no change in the subcortical white matter. However, due to a lack of a specific antibody that would work with the rhesus monkey samples, the protein levels of ADAM19 could not be determined. The other gene, LIF, which was increased in white matter could not be verified by qPCR due to technical problems with the primer sets not amplifying the mRNA in the young animals in the larger cohort. The amount of RNA used in the multiplex reactions was less than in the PCR array potentially explaining why LIF was not able to be confirmed. Follow-up on protein levels was also prevented due to a lack of a specific antibody for LIF. However, these results do not rule out that either of these genes could contribute to the age-related white matter pathology and both deserve further study.
Finally, several of the genes identified as potential targets by the PCR array were not selected for follow-up due to the availability of the samples and reagents but could also contribute to brain aging. One was ADAM 17 which encodes for the tumor necrosis factor alpha (TNFα)-convertase enzyme which releases the proinflammatory cytokine TNFα from the cell membrane (Black et al. 1997) . The other was growth arrest and DNA-damage-inducible, gamma (GADD45G), a marker of the activation of the tumor suppressor protein p53 leading to the repair of DNA damage (Ying et al. 2005) .
Conclusions This study is the first to broadly examine mRNA expression and protein levels of genes important to myelin homeostasis across the life span of the normal aging rhesus monkey. While the results confirm that aging is a multivariate process, one strong result was that the neurotrophic factor BDNF and its receptor show significant age-related changes that could contribute to age-related vulnerability of white matter. The findings of this study are consistent with studies in aging rats and humans that show that neurotrophic factor signaling is altered in the aging brain. While white matter changes are the main neuropathology present in the aging monkey brain, this study provides evidence of heterogeneous changes in genes in both the gray and white matter with age where subtle changes in BDNF signaling in cortical gray matter may contribute to white matter dysfunction and axon loss (for review see (Peters and Kemper 2012) ) that reflect a cascade of events contributing to the pathology.
One well-documented contributor to this cascade is oxidative stress. This increases with age and contributes to activation of astrocytes and microglia and may exacerbate changes in myelin (Sloane et al. 1999; Sloane et al. 2000; Shobin et al. 2017) . For example, as myelin damage accumulates, oligodendrocytes try to remyelinate axons, but the resulting sheaths can be either thinner than in young adults or show abnormal redundant loops of myelin around the axons (Peters et al. 2000; Peters and Sethares 2003) . It also appears that even well formed sheaths become shorter with age as assessed by increases in number of paranodes (Peters and Sethares 2003) . Such changes in the myelin sheath could alter axonal conduction leading to action potential failure. This in turn could decrease trophic factor feedback. Since BDNF supports the axon (for review see (Poo 2001) ), decreased trophic feedback from the postsynaptic cell to the axon could cause the retraction of the axon and the axonal loss visible in the white matter as discussed by Kohama et al. 2012 . The decreased trophic feedback could also be reflected in reported decreases in the number of dendritic spines and synapses on the postsynaptic cells (Dickstein et al. 2013) . The results of this study identify age-related decreases in BDNF mRNA and the proBDNF protein as potential contributors to the age-related development of myelin plasticity and associated cognitive aging.
